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Abstract
Surfactant protein A (SP-A) is the major protein of pulmonary surfactant. This protein is implicated in regulating
surfactant secretion, alveolar processing, recycling, and in non-serum-induced immune response. An increasing body of work
indicates the importance of cations, particularly calcium, on SP-A function. However, little information exists on the effects
of cations on SP-A quaternary structure. Here, the quaternary organisation of bovine surfactant protein A in the presence of
cations has been quantitatively and systematically studied by transmission electron microscopy. The conformation of SP-A is
altered by the presence of cations, especially calcium, then sodium, and to a small extent, magnesium. There is a transition
concentration, unique for each cation, at which a conformational switch occurs. These transition concentrations are: 5 mM
for CaCl2, 100 mM for NaCl and 1 mM for MgCl2. Below these concentrations, SP-A exists primarily in an opened form
with a large head diameter of 20 nm; above it, SP-A is mostly in a closed form due to a compaction of the headgroups
resulting in a head diameter of 11 nm. There is a corresponding increase in particle length from 17 nm for opened SP-A to 20
nm for closed SP-A. The fact that the transition concentrations are within physiological range suggests that cation-mediated
conformational changes of SP-A could be operative in vivo. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Pulmonary surfactant is a complex mixture of
phospholipids and proteins that forms a tightly
packed lipid monolayer at the air/liquid interface in
the lungs. This surfactant works to reduce surface
tension which is essential to proper alveolar gas ex-
change. Without surfactant the alveoli would tend to
collapse during exhalation as a result of intermolec-
ular forces [1]. Surfactant lipids and proteins alike
are produced by alveolar type II cells. Some of these
components are released as lamellar bodies that are
then used to generate the highly structured proteo-
lipid complex known as tubular myelin [2]. Tubular
myelin as well as other surfactant aggregates are
thought to be storage intermediates that contribute
surfactant material to the monolayer [3]. Through a
poorly understood process, surfactant is recycled
through the type II cells or degraded in alveolar
macrophages [4,5].
The most common pulmonary surfactant protein
0925-4439 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 9 2 5 - 4 4 3 9 ( 9 8 ) 0 0 0 5 7 - X
Abbreviations: CRD, carbohydrate recognition domain; SP-
A, -B, -C, -D, surfactant protein A, B, C, D; TEM, transmission
electron microscope/microscopy; DPPC, dipalmitoylphosphati-
dylcholine
* Corresponding author. Fax: +1-519-837-2075;
E-mail : gharauz@uoguelph.ca
BBADIS 61761 23-12-98
Biochimica et Biophysica Acta 1453 (1999) 23^34
is SP-A, a member of the collectin family, which
itself is part of the C-type lectin family. Other col-
lectins are mannose-binding protein, complement
factor C1q, and another surfactant protein, SP-D.
In reduced form, SP-A is 26 to 38 kDa in molecular
mass. It has been proposed that there are four struc-
tural domains in SP-A (Fig. 1) [6^9]. These domains
are: (i) a 7-amino-acid amino-terminus, (ii) a tan-
demly repeating Gly^X^Y collagen-like region, (iii)
an amphipathic ‘neck’ region, and ¢nally (iv) a car-
boxy-terminal region that is globular and highly sim-
ilar to other carbohydrate recognition domains. Post-
translationally, SP-A is modi¢ed by cleavage of its
signal peptide, hydroxylation of prolines within the
collagen-like domain, and asparagine-linked glyco-
sylation [10,11].
Trimeric assembly in SP-A is the result of associ-
ation through the globular carboxy-terminal do-
mains and the collagen-like regions. Six trimers asso-
ciate further, among their collagen-like regions, to
generate a 700 kDa octadecamer. This gives the pro-
tein a characteristic ‘bouquet of £owers’ appearance
[12,13] (Fig. 1). Both trimers and octadecamers are
postulated to maintain quaternary structure through
disulphide bonding [6]. The overall assembly is sim-
ilar to that of C1q [13,14].
SP-A has a wide variety of potential ligands. It has
the capacity to associate lipids, with particular af-
¢nity for the most abundant and signi¢cant surfac-
tant phospholipid, dipalmitoylphosphatidylcholine
(DPPC), in a calcium-dependent manner [15^18].
Earlier studies suggested that this association occurs
via the hydrophobic neck [19]; however, there is an
accumulation of evidence that identi¢es the carbohy-
drate recognition domain (CRD) of the headgroup
to be the primary region for lipid interaction [20^23].
SP-A can promote aggregation of lipid vesicles in a
calcium-dependent manner [24,25], and also self-ag-
gregates in a calcium-in£uenced manner [26]. SP-A
C
Fig. 1. (a) Structural features of the SP-A monomer, trimer and
octadecamer. The monomer has a short amino-terminal region,
a large collagen-like region (here indicated with a wavy line)
which has a kink in it, an amphipathic neck region, and a car-
bohydrate recognition domain (CRD). In the trimeric form of
SP-A (i.e., the basic trimer unit), three CRDs are in close prox-
imity and form a single globular moiety referred to as a head-
group. Six trimers constitute a single SP-A octadecamer. The
region from the amino-terminus to the kink forms the octade-
camer stem. The distance from the kink to the CRD is referred
to as the octadecamer arm length. The region containing the
six headgroups is referred to simply as the head. (b^f) When
imaged by TEM, SP-A lies in two orientations on the carbon
support ¢lm. (b) Pictorial representation and (c) TEM image of
SP-A side view. (d) Pictorial representation and (e) TEM image
of SP-A top-down view. (f) Pictorial representation of SP-A
side view with nomenclature of measured regions.
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displays xenophilic characteristics by binding to pul-
monary microorganisms, lipid A of endotoxin, and
pollen grains [27^35]. Many of these associations are
attributed to the CRDs and/or to the oligosaccha-
rides that were post-translationally added to SP-A
[36]. The collagen-like region of SP-A acts as a
ligand to at least one high-a⁄nity receptor on macro-
phages, and can cause chemotaxis and release of
anti-microbial agents [37^39].
SP-A is localised both in the distal and conductive
respiratory tracts, and may be present in the large
and small gastric intestinal tracts [40]. SP-A has been
implicated in diverse physiological functions, such as
tubular myelin formation, regulating extracellular
surfactant concentration by a¡ecting secretion and
readsorption, and functioning with SP-B in surfac-
tant adsorption to and spreading at the liquid/air
interface [6]. There is an increasing body of evidence
concerning SP-A, along with SP-D, acting in host
defence because of their xenophilic characteristics
and e¡ects on macrophages. For a protein with
such a variety of roles, it is surprising that the SP-
A knock-out mouse shows a viable phenotype [41].
These SP-A knock-out mice lack tubular myelin, are
more susceptible to group B Streptococcus [42], but
have essentially normal saturated phosphatidylcho-
line pool sizes [43].
The study of SP-A structural characteristics will
improve our understanding of how it performs such
a variety of tasks in such di¡erent environments. Our
examination here by transmission electron micro-
scopy (TEM) of SP-A in the presence of di¡ering
concentrations of mono- and divalent salts indicates
that there are two, previously unidenti¢ed, major
conformational forms of SP-A. We shall refer to
these as closed or compacted SP-A, and opened
SP-A. We have characterised the structural anatomy
of these in a variety of cationic environments.
2. Materials and methods
2.1. Protein puri¢cation
Bovine surfactant was obtained by lung lavage and
SP-A puri¢ed as previously described [44]. This pro-
tocol involved extracting the surfactant lipids with
butanol, and washing with ether/ethanol and ether.
The hydrophilic precipitate was dried and resus-
pended in 5 mM Hepes^NaOH (pH 7.4), 0.1 mM
EDTA, and 1.0 mM CaCl2. This solution was then
passed through an immobilised D-mannose column
(Pierce Chemical, Rockford, IL, USA). After the col-
umn was washed, the SP-A was eluted using 2.0 mM
EDTA in 5 mM Hepes^NaOH (pH 7.4). Sample was
stored at 4‡C until use in elution bu¡er at a concen-
tration between 100 and 250 Wg/ml.
2.2. Protein preparation for TEM
A 5-mM Hepes solution was prepared with no
salt, 1 M NaCl, 1 M MgCl2, or 1 M CaCl2. The
pH of each solution was then adjusted to 7.4 using
1 M NaOH. Each bu¡er required approximately the
same concentration of NaOH, and so the ¢nal con-
centration of sodium and hydroxyl ions in each ¢nal
reaction bu¡er was negligible (V2.5 mM). Combi-
nations of these basic bu¡ers were made to produce
individual dilution series of NaCl (10, 40, 80, 100,
250, 500 and 1000 mM), MgCl2 and CaCl2 (each of
0.01, 0.1, 1, 5, 10 and 20 mM). In a te£on microwell,
12.5 Wl of bu¡er was combined with 0.5 Wl of 250
Wg/ml SP-A to give a ¢nal protein concentration of
approximately 10 Wg/ml. Samples were kept humid in
a chamber containing the same bu¡er in which the
protein was incubated, and left for 24 h at 32‡C to
achieve conformational equilibrium.
2.3. TEM analysis
SP-A samples from the microwells were spread
onto 400-mesh Cu grids that were coated by car-
bon-stabilised holey plastic (cellulose acetate buty-
rate), and again covered with thin carbon ¢lm of
approximately 5 nm thickness. The samples were
negatively stained using 2% uranyl acetate and exam-
ined using a JEOL JEM-100CX TEM. Images were
obtained at a variety of magni¢cations from 66 000U
to 130 000U on 80U100-mm plate ¢lm (Kodak Es-
tar 4489). Measurements of dimensions of SP-A oc-
tadecamers were made using a digital capture CCD
camera (Princeton MicroMax 1400, EMPIX Imag-
ing, Mississauga, Canada) and analysis software (Al-
pha Innotech, San Leandro, CA, USA). All dimen-
sions henceforth reported will be rounded o¡ to the
nearest 0.1 nm (1 Aî ). Simple statistics (mean, stand-
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ard error of the mean, and signi¢cance values for
both one- and two-tailed t-tests) were calculated us-
ing Excel (Microsoft O⁄ce) software. Distribution
statistics shall be presented as mean þ standard error
of the mean (n = number of measurements). A con-
¢dence level of 95% (i.e., P6 0.05) was considered to
represent statistical signi¢cance.
3. Results
3.1. TEM of bovine SP-A
It was observed in this and in other studies that
SP-A portrayed two orientations when examined by
TEM [13,45]. The ¢rst view was of a top-down per-
spective (Figs. 1 and 2). Here, the trimers of globular
CRDs, referred to as trimeric headgroups, appeared
as individual globules with six such entities being
arranged in a wheel formation. The second orienta-
tion was a side view in which a stem was visible from
the pro¢le and the headgroups appeared at one end
of that stem. Side views were more distinctive than
top-down views because more of the particle mass
was directly apparent in pro¢le. Top-down views ap-
peared to be the major SP-A orientation (approxi-
mately 70%) under lower salt conditions; however,
they were readily identi¢able only in locations where
the stain concentration was relatively dense. For this
reason, we focused in this study on the side views,
and on the relative changes in dimensions (Fig. 1)
and frequencies of occurrence under di¡ering salt
conditions.
3.2. Identi¢cation of conformational variants
A histogram of head diameter measurements for
SP-A under all of these conditions displayed distinct
bimodality (Fig. 3). The peak for the ¢rst population
(‘narrow-head’, ‘closed-head’, or ‘compacted SP-A’)
was at 11 nm and the peak for the second population
(‘wide-head’, ‘opened-head’, or ‘opened SP-A’) was
at 21 nm. The ¢rst (narrow-head) population had a
tight distribution with 50% of its population between
9 nm and 11 nm (i.e., a 2-nm range). The second
(wide-head) population had 50% of its population
spread from 19 to 23 nm (i.e., a 4-nm range), indi-
cating that there were intermediates that covered a
broad range of head diameter sizes, yet with a peak
value at 21 nm which agreed with independent stud-
ies [13,45].
Each population type was interpreted to represent
a conformational variant of SP-A. The variation in
head diameter sizes represented the result of both the
range of head movements relative to one another,
Fig. 2. Appearance of SP-A via TEM of negatively stained
preparations. (a) A gallery of SP-A side view particles from
various conditions. (b) Image of a typical medium-sized SP-A
self-aggregate in 10 mM CaCl2. (c) A ¢eld of view of a sample
of SP-A in 0.5 mM CaCl2. Very few stems are visible, one indi-
cated by a circle. This image is typical for SP-A samples below
the transition concentration. (d) A ¢eld of view of a sample of
SP-A in 5 mM CaCl2, showing a large number of visible stems,
some indicated by circles. This view is typical for SP-A samples
above the transition concentration. Scale bar = 20 nm.
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and the fundamental error in measurement itself. The
narrow-head population showed a sharp increase in
the histogram from 7 to 8 nm, with very few smaller
measurements. This lower limit was attributable to
the ¢nite compactibility of the heads. That is to say,
the heads can only come to within 8 nm from one
another, and lower values (e.g., 7 nm or less) must
have been the result of intrinsic errors in measure-
ment. Therefore, these were estimated to be less than
1 nm in 8 nm, or roughly þ 15%.
Both narrow- and wide-head diameter conforma-
tions appeared to be visible under di¡ering salt con-
ditions. However, there was a shift towards narrow-
head SP-A as the corresponding salt concentration
was increased. There was a signi¢cant increase in
the number of visible stems at 100 mM NaCl,
5 mM CaCl2 and 1 mM MgCl2 (Fig. 4). Clearly,
the side view became more favoured after a critical
salt condition was achieved, which we henceforth
refer to as the transition concentration. (Strictly
speaking, the transition salt concentrations lie within
ranges of 80^100 mM NaCl, 1.0^5.0 mM CaCl2, and
0.1^1.0 mM MgCl2. Here, we shall use the upper
value as a conservative and convenient convention.)
Furthermore, the total particle length shifted from
16.6 þ 0.4 nm (n = 44) to 20.2 þ 0.6 nm (n = 83)
when the salt concentration rose above the transition
concentration (Fig. 5). Such a rise in overall particle
length would be expected if the head compacted;
then the arm length would have contributed more
to particle length.
The shift towards narrow-head diameters under
higher salt conditions was particularly pronounced
with NaCl and CaCl2, compared with MgCl2. Since
in these experiments there was 20-times the concen-
tration of sodium relative to calcium, cation-medi-
ated conformational change of SP-A was more sen-
sitive to calcium. To determine the rate of these
cationic e¡ects, measurements of numbers of visible
stems over a 24 h period were performed at either
5 mM CaCl2, or 100 mM NaCl, i.e., concentrations
above the transition ones. There was a steady in-
crease in the number of visible stems over 2 h,
when a maximum was achieved (data not shown).
Afterwards, there was a slight and slow decrease in
the number of stems, reaching 60% of the peak value
at 24 h incubation time.
3.3. Synergistic e¡ects of combinations of cations
Combinations of CaCl2, NaCl, and MgCl2, each
below the transition concentration (1 mM, 80 mM,
Fig. 3. Histogram of head diameters measured for SP-A under all salt conditions. Two distinct populations are observed. The curves
are an interpretation of the trends for each population, and are not intended to represent ¢ts of Gaussian functions, for example.
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Fig. 5. Histograms of particle lengths (a) above and (b) below the transition concentration. The data have been pooled for all three
salts studied. There is a distinct shift in the population towards longer particles above the transition concentration. The hypothesis
that the two distributions are di¡erent is statistically signi¢cant at a con¢dence level of 95%.
Fig. 4. Histogram of number of visible stems per 100 Wm2 with respect to cation concentration. TEM was performed on randomly se-
lected regions of the grid, and areas of size 10U10 Wm were selected randomly from the image plates. At a particular concentration
indicated by arrows, the number of visible stems rises sharply. This transition concentration is di¡erent for each cation. Error bars
represent standard deviations, and the number of grid areas examined is between 5 and 7 for each class.
6
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0.1 mM, respectively), were tested with SP-A (Fig. 6).
The combination of any two or all three cations in
solution with SP-A produced only a minor shift in
equilibrium towards compacted SP-A, compared to
any cation alone. The strong cationic e¡ect noted
after the transition concentration (i.e., large number
of visible stems) was not induced by any combina-
tion of salts below the transition concentration. That
is to say, under these experimental conditions (cf.
Ref. [45]), the e¡ect did not appear to be fully addi-
tive or su⁄cient to cause the degree of change as
observed after transition. The number of side views
observed when exposed to a combination of ions
remained consistently larger than for any ion on its
own. The combination of all three salts resulted in
the highest number of compacted SP-As, compared
to any combination of two cations. The relatively
small increase in side views with combined ions could
be attributed to the relatively small e¡ect of in-
creased ionic strength.
3.4. Observation of individual basic trimer units
Although the SP-A complexes were found primar-
ily as octadecamers, a small proportion was seen to
be basic trimer units (Fig. 7). In the presence of
EDTA or cations after short incubation periods (up
to about 4 h), these trimers showed a kink in the
stem region. However, in the presence of 5 mM cal-
cium after extended incubation periods, most of the
basic trimer units did not contain the kink. This ob-
servation suggested that the cations could alter the
SP-A structure in the collagen-like region, albeit
slowly under the experimental conditions tested.
4. Discussion
4.1. Cationic e¡ects on SP-A conformation
The ¢rst e¡ect of cations was to cause the popu-
lation of SP-A complexes to shift to a primarily com-
pacted conformational variant. There was a critical
salt transition concentration for each cation of 5 mM
CaCl2, 100 mM NaCl, and 1 mM MgCl2. Below this
concentration, SP-A conformation was prevalently
wide-head diameter and short-particle length. Above
this concentration, the narrow-head and long-particle
conformation was predominant, and large numbers
of side-view particles appeared (Figs. 2^5). Two sets
of distributions were formed and compared, the ¢rst
being the particle lengths (Fig. 5), and the second
being the ratio of particle head diameters to their
lengths (data not shown). Both sets of distributions
were di¡erent above and below the transition salt
concentrations, statistically signi¢cant at a con¢-
Fig. 6. In£uence of combinations of cations on the number of SP-A particles visible in pro¢le. A combination of two or more cations
below the transition concentration results in an increase in the number of side views. However, the e¡ect is not as distinct above the
transition concentration. Error bars represent one standard deviation, and the number of grid areas examined is between 5 and 7 for
each class.
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dence level of 95%. The transition concentration
occurred at di¡ering concentrations of Cl3 (i.e.,
100 mM in NaCl, 2U5 = 10 mM in CaCl2, and
2U1 = 2 mM in MgCl2) and in solutions of di¡ering
ionic strength (i.e., the CaCl2 solution was 15% the
ionic strength of the NaCl one, and MgCl2 was 3%
the ionic strength of NaCl). Therefore, anions were
not the cause of the conformational change and ionic
strength could have played only a minor role in com-
pacted SP-A octadecamer formation.
The head diameter of SP-A could narrow consid-
erably because headgroups were brought closer in
proximity (Fig. 3). This gross conformational change
in the SP-A arm region caused a corresponding in-
crease in particle length (Figs. 4 and 5). The close
packing was attributed to a straightening at the junc-
tion between the SP-A stem and arm, in the region
known as the kink (Figs. 1 and 7). In comparison,
class A macrophage scavenger receptor is structurally
similar to the SP-A basic trimer (i.e., two ¢brous
domains with a hinge, and a trimeric globular head-
group with multiple binding a⁄nities), and has re-
cently been shown by TEM to pivot at the hinged
region [46]. This structural alteration of the class A
Fig. 7. Nature of basic trimer units of SP-A found under various conditions. Electron micrographs showing clearly identi¢able SP-A
trimers were found in various experiments, although they were rarely seen compared to the octadecamers. (a) Long incubation period
(24 h) in the presence of 5 mM CaCl2. (b) Medium incubation period (1^4 h) in the presence of 5 mM CaCl2. (c) Short incubation
period (0^30 min) in the presence of 5 mM CaCl2. (d) Long incubation period (24 h) in the presence of 5 mM EDTA. Scale bar = 20
nm.
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macrophage scavenger receptor occurred without
multiple trimer association, suggesting that SP-A ba-
sic trimers also may not need to be within an octa-
decamer for the kink angle to be altered.
The measurements of the number of visible stems
at various cation concentrations (Figs. 4 and 6) sug-
gested that the change in SP-A quaternary structure
led in turn to a change in preferred orientation on
the underlying support ¢lm. An opened-head SP-A
would be more frequently observed in top-down ori-
entation, whereas a closed-head SP-A would prefer
to lie on its side. Thus, we submit that the most
probable explanation for the increase in number of
visible stems with increased cation concentration is a
physical one: there is an increased number of com-
pacted-head SP-A complexes in solution, and these
in turn ‘fall down’ upon the carbon support more
naturally on their sides and hence are more easily
visualised.
4.2. Cationic e¡ects on SP-A self-association
As the concentration of each ion increased beyond
the transition concentration, the number of isolated
particles per unit area decreased. We propose that
the cause for the decrease was the result of SP-A
self-aggregation (Fig. 2b) [26], even though we tried
to minimise this phenomenon in these experiments
by using a low initial protein concentration. Indeed,
below the transition cation concentration, aggregates
were rarely seen. This post-transitional decrease was
most pronounced with CaCl2 (Fig. 5b). With MgCl2
the e¡ect on SP-A structure was much less, both in
terms of generating compacted SP-A and of the post-
transitional decrease (Fig. 4c). There was a consider-
able increase in compacted SP-A octadecamers be-
tween 100 mM to 250 mM NaCl (Fig. 4a). With
the low initial protein concentration used here, the
self-aggregation e¡ect did occur from 500 mM NaCl
upwards, but was not as large as for calcium. Thus,
the second e¡ect of cations was to enhance SP-A
self-aggregation.
The phenomenon of SP-A self-aggregation is im-
portant to consider when examining the literature.
Previously, Ruano et al. [26] concluded that the
half-maximal lipid aggregation mediated by calcium
was in the micromolar range, whereas the SP-A self-
aggregation was half-maximal at millimolar concen-
trations. In the latter case, the compacted SP-A con-
formation could functionally contribute to self-aggre-
gation. Other studies involving calcium-dependent
SP-A association with lipid have been conducted us-
ing 100 to 150 mM NaCl solutions; therefore, they
appear to characterise the e¡ects of calcium on com-
pacted SP-A rather than on opened SP-A (e.g., Refs.
[47,48]). Future studies on the relative functions of
compacted SP-A should be done at the higher con-
centrations of 250 mM NaCl, as these conditions
generate the most compacted SP-A structure with
the least self-aggregation, as well as at low concen-
trations (e.g., 10 mM NaCl) to compare with opened
SP-A.
The changes in the numbers of visible stems oc-
curred over relatively long time periods. The 2-h pe-
riod required to achieve maximal conformational
change was much greater than the minutes that pro-
duce protein/protein and protein/lipid aggregation in
vitro [7,21,23]. However, these aggregation experi-
ments were performed in 150 mM NaCl, a concen-
tration above the transition concentration. Under
such conditions, compacted SP-A should have been
present in large amounts. Therefore, the rapid aggre-
gation that was observed under those conditions was
a distinctly di¡erent phenomenon than the slow con-
formational changes observed here. According to the
above studies and the present one, sodium concen-
trations of 100 to 150 mM sodium are not su⁄cient
to induce SP-A self-aggregation or vesicle aggrega-
tion, but are capable of inducing conformational
change. What remains unknown is whether a partic-
ular conformation of SP-A contributes to the gener-
ation of these di¡erent forms of aggregation.
5. Conclusions
The quaternary conformation of the SP-A octade-
camer is signi¢cantly and speci¢cally a¡ected by cat-
ions. At a transition concentration that is unique for
each cation, the population shifts, at a slow rate,
from a primarily opened form to a primarily com-
pacted conformation. The nature of the conforma-
tional change is suggested to be due to the straight-
ening of the basic trimer units in the region of the
kink. This conformational change in SP-A might
have physiological signi¢cance, e.g., by altering SP-
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A interaction with its receptors on type II cells, or by
altering the ability of SP-A to interact with microbial
invaders and with itself. In all cases, the transition
salt concentration is close to that under physiological
conditions. Interestingly, the NaCl concentration in
the bronchial airway is below the transition concen-
tration (ranging from 40 mM [49] to 80 mM [50]),
whereas the alveolar concentration is above it [51,52].
The variation of salt conditions in the lung may thus
serve as a regulatory element de¢ning SP-A confor-
mation in vivo.
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